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EXPERIMENTAL, INVESTIGATION OF EFFECT OF COOLING AIR ON TURBINE
PERFORMANCE OF TWO TURBOJET ENGINES MCDIFIED FOR AIR-COOLING

By Gordon T. Smith, John C. Freche, and Reeves P. Cochran

SUMMARY

An investigation was undertaken at sea-level static conditions to
determine the effects of radisl discharge of cooling gir from turbine
rotor blades on turbine performance in two turbojet engines, cne with a
centrifugal compressor and the other with an axial-flow compressor.

Each engine was opergted so that performasnce comparisons could be made
between cooled- and uncooled-turbine data. During cooled operstion, the
cooling air was discharged radially into the gas stream from the rotor
blade tips.

The efficiency (as defined herein)} of nelther turbine was seriously
affected by tip discharge of cooling slr at coolant- to gas-flow ratios
below 0.03. It gppeared that the work required to pump the cooling air
through the rotor was partislly regained.

INTRODUCTION

Air-cooling of turbine blades as a means of improving engine per-
formance through increased turbine-iniet temperatures or of reducing
turbine critical-material content has been investigated both experi-
mehtally and analytically in the past. In evalusting the desirsbility
of such cooling, the effect of sir-cooling on the performance of the
engine and the principal engine components has also been investigated.
Methods for determining performance characteristics are presented in
reference 1. References 2 to S show analytically the performance gains
possible with air-cooling. In addition, the reduction in critical-
material content possible with turbine air-cooling is shown in refer-
ence 5. The effect of cooling on turbine efficiency is analytically
predicted in reference 6. The results of experimental cold-air turbine
tests in reference 7 indicate that a l/2-percent reduction in turbine
efficlency occurred. with the use of a total coolant- 46 gas-flow ratio
of 4 percent. The analytical results of reference 6 were predicated on
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an increase in blade profile losses due to heat removal by the coolant;
the experimental tests of reference 7 were obtained with no temperature
difference between the main gas stream and the coolant.

The present investigation was undertesken at the NACA Lewis lab-
oratory in order to explore the effect of radial discharge of cooling
air from the blade tips on turbine performence at current operating
temperatures. A centrifugal-compressor engine and an axial-flow-
compressor engine were modified for air-cooling and operated at sea-
level static conditions to provide a comparison of uncooled- and cooled-
turbine efficlency over a range of turbine operating conditiona. The
. centrifugal-compressor engine was operated over a range of equivalent
turbine speeds from 93 to 102 percent of design (both cooled and un-
cooled) and coolant- to gas-flow ratios from O to 0.08. The exial-flow-
compressor engine was investigated over a range of equivalent turbine
speeds from 70 to BB percent of design for coolant- to gas-flow ratios
from O to about 0.10. The range of equivalent turbine speed for the
axiegl-flow-compressor engine was limited because the noncritical mater-
ial used in the rotor blades prevented uncooled operation at higher
turbine-inlet temperatures.

SYMBOLS
A area, sq ft

specific heat at constant pressure, Btu/(1b)(°R)

f/a fuel-air ratio

g acceleration due to gravity, 32.17 ft/sec2
H lower heating value of fuel, 18,750 Btu/lb
k! total enthalpy, Btu/lb

J mechanical equivalent of heat, 778 f£t-1b/Btu
M Mach number

N rotational speed, rpm

P static pressure, lb/sq 't

p' total pressure, 1b/sq ft

R gas constant, £t-1b/(1b)(°R)

2839
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Ty turbine tip radius, 1.083 ft for turbine A and 1.428 ft for tur-
bine B .

! total temperature, °R

T,  NACA standard sea-level temperature, 518.7° R

U wheel speed, ft/sec

v gbsolute combustion-gas velocity, ft/sec

W weight flow, Ib/sec

Y ratio of specific heats

e} ratio of pressure to NACA standard sea-level pressure of 2116
1b/sq £t

n efficiency

e ratio of temperature to NACA standard sea-level temperature of
518.7° R

w angular veloclity, l/sec

Subscripts:

a cooling gir

ac actual

B burner

b compressor bleed

c compressor -

b g fuel

£ cambustion gas

id ideal

m mixture of cooling air and cambustion gas

o] refers to zero cooling air or zero compressor-bleed-air conditions

r recirculating compressor secondary bleed air
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8 nonrecirculating compressor secondary bleed air A
T turbine

t turbine blade tip i

u whirl component

b4 exlel component

0-5 engine measuring stations (fig. 3) %%

GENERAL, CONSIDERATIONS

The performance of an umcocled turbine ls generally described by
plotting the equivalent turbine work Ahﬁ/es against the equivalent

speed - weight-~flow parameter WBN/Ss. Iines of constant turbine pres-
sure ratio pé/pi, constant equivalent turbine speed N/4¢5;, and con-
stant turbine efficiency Tp &ppear as plotted paremeters. If the =
turbine stator is choked over the entire range of turblne operation,
the turbine equivalent weight flow Wy @/63 is a constant, and the
parasmeter W3N/53 can be replaced by the equivalent turblne speed
N/A/65. The definition of turbine efficiency,
r-1

Obeh pi\ " . :
Ng = Eg—) p,3 Toil -Q§§> ; permits the elimination of one of the
parameters, either Tips Ahé/ss, or pé/pi. The turbine performsnce can
therefore be cauwpletely described as a relation of the three parameters,

Ab,]'_,/e3, N/Jé'é, and .

If the turbine is operated as a component of a turbolet engine with
g fixed jet nozzle area, the equivelent englne speed N/\/Gl may be

used as a parameter replacing amy one of the turbine parameters Just
discussed; and the turbine performance may be described, for example,
as & relation of the paremeters Ahl/6, N/4/8;, end N/4/6). If this

turbine component is cooled by alr flowing radislly through the turbine
rotor, the coolant flow ratio wa/ﬁ3 wlill determine the equivalent

turbine speed required to produce a fixed value of Abé/@s at a flxed

engine speed of N/q/@ « Thereforée, the coolant flow ratio must be em- .
ployed as an additionsal parameter. Bleeding compressor-discharge alr
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in varying smounts has a similar effect, and the compressor bleed ratio

wb/w3 must also be employed as & parameter to describe the turbine
performasnce. For a particular turbine a reletion of any three of the
Perameters, AhT/QS’ N, N/ A6z, Naf61, and w,/fws or wpfws, will de-
termine the turbine operating conditions. -

Data were obtained during this investigation by operating the en-
gine with a Tixed tall-pipe aree at several constant values of equiva-
lent engine speed. At each equivalent englne speed, Ahi/93 and
N/«/es were varied by passing varying amounts of cooling air through

the turbine, or by bleeding various amounts of air from the discherge
of the engine compressor and removing it from the engine cycle. During
the cooled runs, the work and inlet temperature changes caused by pump-
ing different rates of cooling air through the rotor caused variastions
in the equivalent work and equivalent turbine speed. During uncooled
operation, the work and temperature changes caused by verying loads im-
posed on the turbine by the engine compressor produced the variation

1n equivalent work and equivalent turbine speed.

The data were plotted as illustrated in figure 1 to permit a com-
parison of the cooled- and uncooled-turbine efficiencles at the same
turbine mep points. The three parameters, wa/ws' or wb/WS’ N/q/el,

and N/4/6z, are shown in figure 1(a). (The turbine stator was choked
over the entire range of these data.) Here WE/WS and wb/w3 were
each plotted against N/A/6; for constant values of N/A/6;.

The three parameters, Abé/és, N/q/gg, and :N/N/EI: gre shown in
figure 1(b) with lines of constant wa/w3 or wyp/wz superimposed on
the map by cross-plotting from figure 1(a). Figure 1(c).shows T,
N/qug, and N/q/@I with lines of éonstant wa/w3 or’ w;D/w5 also
cross-plotted from figure 1(a). (An efficiency ratio, rather than 1,

was used here for plotting convenience.) Figure 1{d) was obtained by
cross-plotting lines of constant Ah¢/63 fram figure 1(b) on the co-

ordinate system of figure 1(c). A composite of figure 1(d) for the
cooled and umcooled operations describes the performance in terms of
the parameters Ahf/e3’ N/ﬁ/@s, and nT/ﬁT,o’ thus permitting a com-

parison of the nT/hT,o cooled with nT/hT,o uncooled at the same
velues of AhlL/6, and N/af6.

. The preceding trestment of. the data assumes that the turbine effi-
ciency is completely described by some function of the parameters
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N/ 65, N/ 1/'5]—-, Ab‘f/es, and wa/w3 or w /w Dimensiongl considera-
tions indicate that the gas Reynolds number should be expected to af-
fect the turbine efficiency. If the turbine rotor is cooled, reference
1l indicates that the coolant weight flow and the amount of heat trans-
ferred to the coolant in the rotor should be considered in addition 1o
the gas Reynolds number. Reynolds number effects are often negligible
over a wlde range of Reynolds numbers, and the rotor heat-transfer rates
involved in air-cooling of the rotor blades are small compaered with the
total heat content of the combustion gas. The data of this Investiga-
tion were processed with the assumption that both Reynolds number and
heat-transfer effects were small. Consequently, care must be exercised
in extrapolating the results toc materially different conditions of tur-
bine operation.

Complications arise in defining and evaluating the efficlency of a
cooled turbine. For example, there are two possible viewpolnts regard-
ing the working fluid in defining cooled-turbine efficiency. One is
concerned with the cambustion gas as the only working fluid, whereas the

other is concerned with both cambustion gas and cooling air as potential

working fluids. Iikewise the turbine output can be considered to be
either the shaft work alone or the shaft work plus the wgrk required
to pump the cooling air through the rotor.

When all the factors discussed previously are considered, at least
four posslible definitions of turbine efficlency result:

wyAhy
Thll = ] + ! (l)
wahhy m 14 + Velhg p, 14
g
Tp = = & (2)
wahhy mo14 t Vglha M, 14
w,Ah}
1°% (3)

" = WARL 1 1g

Uz
t
o+ W, —
W] Ahé

wsAhg,T 1d

(4)
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where

r-1

D, Y
4,m
1 = h! ~=a
Abg p,ia = Bs|t (1%)

BEquations (1) and (2) consider both fluids entering the turbine as
potentisal work -sources. In addition, equation (2) includes the work
required to pump the cooling air through the rotor as part of the tur-
bine output. These definitions of efficiency are inconvenient to apply
t0 cycle calculations, because the turblne coollng-air inlet total pres-
sure pd must be known, and the discharge pressure Pi,m does not de-

pend solely on the combustion-gas conditions.

In equations (3) and (4), the combustion gas is the sole work
source. Egquation (3) is identical to the efficiency definition for an
uncooled turbine, whereas equation (4) includes the pumping work in the
turbine output. Equation (4) is used in the analysis of reference 5
to evaluate potentialities and limltations of turbine cooling. For the
uncooled runs, the cooling air terms in all equations become zero, and
the equations become the same as used for an uncooled turbine. The
principal data presentation of the present report will utilize the ef-
ficlency definition of eguation (4). A portion of the cooled-turbine
data, calculated by each of the foregoing equations, is compared in
order to illustrate the variation in the numericel values of efficiency
with the definition employed.

APTARATUS AND INSTRUMENTATION
Turbines

Turbine A, installed in an engine having a double-entry centrifugal
compressor, has 54 hollow, unshrouded blades incorporeting twist and
taper (fig. 2(a)). This turbine wheel is fully described in reference
8, and the turbine blades are discussed in reference 8. A standard
turbine stator was used.

Turbine B, installed in an engine having e lZ2-stage axial-flow com-
pressor, has 72 unshrouded, nontwisted, constant-chord blades with

L .
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corrugated inserts (fig. 2(b))}. The mechanical design of the rotor and
cooling-glr supply system is discussed in reference 10. The aerody-
namic design of the rotor and stator blades is described in reference
11. A special turbine stator with 64 solid, twlsted blades was used
with this rotor.

The rotor blade tip clearance (cold) was set for approximetely
0.110 inch in both turbines. This tip-clearance value is within the
limits normslly specified for the standard production turbines of the
engines used in this investigation. The tip radius was 1.083 feet for
turbine A and 1l.428 feet for turbine B.

Fngine Installation

The instellation of the centrifugal-compressor engine is illus-
trated in figure 3. A baffle wall that éextended around the engine ap-
proximately at the burner inlets was used to prevent air in contact
with hot parts of the engine fraom being drawn into the campressor in-
let. The axial-flow-compressor engine installation was similar, except
that no baffle wall was uged.

On both engines, a number of bleed points at"the compressor dis-
charge were connected to a collecting menifold arocund the engine. The
gquantity of alr flowing in the bleed system was remotely controlled by
velves in the discharge lines. 1In the case of the centrifugal-
compressor englne, these discharge lines emptied into the atmospheric -
sound<muffling chamber (fig. 3). On the axial-flow-campressor engine,
the compressor-bleed discherge lines emptied into the test cell.

Measurements
The type and location of instruments at each instrumentation ste-

tion are shown in figure 4(a) for the centrifugal-compressor englne and
in figure 4(b) for the axlal-flow-compressor engine.

In both installations, the engine-inlet alr flow and the compressor-

bleed air flow were measured by venturi tubes (figs. 3 and 4}. The
quantities of external cooling alr were measured by standard flat-plate
orifices upstream of the turbine cooling-alr inlet. The axial-flow-
compressor engine had overboard and Interstage bleeds as integral en-
gine functions. The alir-flow quantities through these bleed lines were
megsured by sharp-edge orifices and pltot-static tubes as described in
reference 10. In both engines fuel flow was measured by rotameters and
engine speeds were measured by chronometric tachometers.

3859
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PROCEDURE

Engine Operation

Turbine A. - The centrifugal-compressor engine in which turbine A
was installed was operated uncooled at equivalent engine speeds of 9325,
9715, 10,210, and 10,975 rpm. At each speed the compressor bleed was
varied from zero to approximately 8 percent of the turbine-inlet mass
flow. The compressor-bleed alr was discharged to atmospheric pressure
outside the sealed engine test cell. In order to maintain a constant
equivalent engine speed N/«/@I, it was necessary to increase the

turbine-inlet temperature, because the turbine specific work increased
when ailr was bled from the compressor. As a result, the equivelent tur-
bine speed N/«/Gs decreased, and the. turbine operated in a region to

the left of its normal operating line (fig. 1(b)).

Cooled~turblne operation was conducted at equivalent engine speeds
of 9610, 10,145, 10,315, 10,785, and 10,890 rpm. Compressor air was
not bled from the engine during these runs. Instead, cooling air was
supplied to the rotor blades from a laboratory air system in quantities
ranging from zero to approximately 8 percent of the turbine-inlet mass
flow at each speed. Such operation also resulted in a reduction in the
equivalent turbine speed due to the incresse in turbline-inlet tempera- .
ture associated with the increase in pumping work expended on the cool-
ing air in the turbine rotor. Agaln, operation in g map region to the
left of the normal turbine operating line resulted. .

Turbine B. - The axial-flow compressor engine in which turbine B
was Installed was operated uncooled at equlivalent engine speeds of
4990, 5485, and 5985 rpm. The compressor bleed was varied from zero to .
approximately 5 percent of the turbine-inlet mass flow during each rum,
and the bleed air was discharged into the test cell.

Cocled operation was conducted at equivalent engine speeds of 49935,
5490, and 5995 rpm. The cooling-alr-flow rates were varied at esach
speed from zero to respective maximums of 11, 7, and 6 percent of the
turbine-inlet mass flow. The operational characteristics of this tur-
bine were similar to those of turbine A, and partial turbine maps were
constructed as described previously.

Calculations

The calculation procedures employed to process both sets of tur-
bine data were the same. Secondary-bleed-air terms that appear in the
following equations were zero for turbine A. The enthalpy terms appear-
ing gs known quantities in subsequent energy balances were evaluated
from directly measured temperatures and the charts of reference lz.
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mined from the calibrated instrumentatlion mentioned in the APPARATUS
AND INSTRUMENTATION section. Other required flow rates snd fuel-air
ratios were camputed from the followlng expressions:

Flow rates. - The flow rates w,, W s w_, and w_, were deter-
—_————— 1 a’ kil

Wg = W) = Wp = Wg = Wp

= W, + Wp

Vs
W4’m = W3 -+ Wa + WS
(£/a)z = wp/w,
(£/a)y = wp/(wp + Wy + W)

Turbine-inlet conditions. - The turbine-inlet total pressure was
determined from direct measurements upstream of the turbine stators.
The turbine-inlet total tempersture. Té was determined from an energy

balance across the combustor that was solved for total specific inlet
enthalpy hé:

hi - wzhé + wanH (5)
w
3

where 17y 1s 0.95 (based on combustor data) for the centrifugal-

compressor engine and .98 (basgd on combugtor data) for the axial-flow-
compressor engine. Then Té was determined from the charts of refer-

ence 12 and the calculated values of hj and (f/a)z.

Turbine-outlet condlitions. - The static pressure downstream of the
turbine exit was determined by a direct measurement from wall taps. The
flow area was established before operation by measturement of the taill-
cone geometry. The turbine-cutlet tempersture T&,m was found from an

energ% balance across the turbine as indicated in sketch (a) and. equa-
tion (6):

. 3839
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wshé+wh'+wh'=w(h‘ hl)-w(h'-h')+(wh') (8)

The term w,(h) - h.i} does not appear in equation (6) because hj = hl.
This energy balance wasg solved for h4 mi T4 ,m Wes determined from
(£/ady, 1} jm 8nd the charts of reference 12,

With the assumption that T} = T} s the axial component of the
4,m 4,x,m

total pressure was established by simultaneously solving the two fol-
lowing equations:

T4
t -r l Té-l
P -
(:’::5) - (1 T S Mz,x> (7)
P4 m m

T8 v, -1 , \1/2
Wé’ = Aé_. Ps Mé,x RéTi 1+ - M‘.’:,X) (8)
I

For the centrifugal-compressor engine the area A4 in equation (8) was
the annular cross-sectional area at station 4. For the axial-flow-
compressor engine A, was the ares between the inner and outer surfaces
of the tail cone. Inasmuch as these latter were surfaces of cones with
different cone angles, the distance between the tail-cone surfaces was

taken along a line normal to a mean_line through the tail-cone gas
passage.

%
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When the wvalue of pi 3X,m was found, 1t was then possible to com~
pute PS/Pé ,xX,m"

Turbine operstional parameters. - The calculations of wa/ws and
wb/w3 were made directly from the quantities already discussed. The
turbine speed N was determined from &n engine measurement and N/qfég
camputed af'ter obtailning .T4. Calculation of the turbine specific out-
put Ahi,ac depends on which viewpolnt 1s taken regarding the turbine

output (GENERAI, CONSIDERATION section). For the principal data presen-
tation of this report, the cooling-air pumping work is regarded as part
of the turbine work output. On this basls the turblne specific work
output is expressed by the following relatlon:

2_2

wi(hg - hy) - wy(hs - wiAhG + w, —C

Ahé = - = &J
sac Wz Vg

(9a)

The equivalent work Ah*,ac/es was then computed dilrectly.

When the pumping work i1s not assumed a part of the work output this
expresslon reduces to

wl(hé - hi) - ws(hé - hé) w.Ah!

Tt sac = Ws . = W3 (gb)

The ideal work can also be computed in two ways. Assuming that the
combustlon gas is the only working fluid, the total idesl turbine work
can be expressed as

wahhy po3q = wa(hg - Bl o 44). (10)

where hj ,8,1d is determined from the turbine pressure ratio
PS/P4 Jx,m’ (f/a)é, and the charts and method of reference 12. Assuming

the coollng air is also a working fluid and taking the work potential
of the flow into account give

Wiy m 5q + Wghhl mo3q = wa(by - hf g 5q) + wa(hg - Bl 5 54)

where, as before, hi,a,id was determined from the charts and the pres-

sure ratio pé/ ! The total pressure pé was a directly measured

P4,x,m'
quantity at the turbine rotor hub.

3839
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The various turbine efficiencies mentioned in the GENERAL CON-
SIDERATION section could then be computed.

RESUTMTS AND DISCUSSION
Performance Characteristics

Turbine A. - The bturbine operating lines for constant equivalent
engine gpeeds are presented on equivalent turbine work and equivalent
turbine speed coordinate systems in figure 5 for turbine A. The data
for uncooled operation (fig. 5(a)) exhibit virtuelly no change in
equivalent turbine work as the compressor-bléeed ratio is increased and
as the equivalent turbine speed decreases. The zero coolant flow and
the zero compressor-bleed lines in figure 5(s) and (b) were established
by passing a mean line through all available zero flow data as shown in
Figure 6. During cooled operation as the coolant~ gas-flow ratio in-
creased the equivalent work increased substantially except along the
maximum-engine-speed operating line, where it was essentially constant.

An increase in either compressor-bleed or coolant-flow ratio re-
guired a greaster extraction of work per pound from the combustion gas.
For the campressor-bleed runs, the additional work was expended in com-
pressing the air prior to bleeding from the compressor discharge. For
the cooled runs tThis additional work was expended in pumping the coolant
through the turbine rotor.

The variation of the turbine-efficiency ratio with the equivalent
turbine speed is shown in figure 7. The turbine efficiency used was
that defined by egquation (4). The turblne-efficiency ratio is the
ratio of the turbine efficiency at a given condition to the turbine
efficiency at zero coolant flow and zero bleed at the same egquivalent
engine speed. The turbine efficiency at zero coolant flow and zero
bleed was 80 percent (il) over the range of equivalent turbine speeds
investigated. At lower values of equivalent turbine speed during
compressor-bleed (uncooled) operation (fig. 7(a)), the efficiency ratio
decreased wlth decreasing equivalent turbine speed along a line of con-
stant equivalent engine speed. Along the operating line for an eguiva-
lent engine speed of 9325 rpm, for example, the turbine efficiency de-
cressed gbout Z percent. For highest equivalent engine speed (lO 975
rpm), the turbine-efficiency rsetio was essentlslly constant.

During cooled operation the turbine-efficiency ratio increased as
the coolant-flow ratio was increased (fig. 7(b)). The efficiency-ratio
increase averaged about 6.5 percent for the maximum coolant-flow ratio
of 0.08 considered over the range of equivalent turbine speeds investi-
gated (93 to 102 percent of design).
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The efficilency ratios (as determined by eq. (4)) for both cooled-
and uncocled-engine operating data at the same values of equivalent tur-
bine work and equivalent turbine speeds are compared in figure 8. The
constant~equivalent-work lines for uncooled operation were extrapolated-
to cover the same speed range as covered by the data for cooled cpera-
tion. At an equivalent turbine work of 19 Btu per pound and an equiva-
lent turbine speed of 5340 rpm, figure 8 indicates that the turblne-

efficiency ratio was decreased about Z% percent from the zero-bleed -

zero-coolant - flow efficiency. The cooled-turbine-efficlency ratio at
1

a coolant-flow ratic of 0.08 increased about 65 percent from the same
point. Near design turbine speed this spread between the cooled- and
uncooled-turbine~efficiency was less pronounced. _

Turbine B. - The variation of equivalent, turbine work with eguiva-
lent turbine speed for turbine B is illustrated in figure 9. The tur-
bine design speed was not attained for the reason noted previously. For
both uncooled (fig. 9(a))} and cooled (fig. 9(b)) operation, the equiva-
lent work remelined essentially constant for a given value of equivalent
engine speed throughout the range of equlvalent turbine speeds and
bleed~- or coolant-flow ratios investigated. :

Variation of turbine-efficiency ratic with equivalent turbine speed
ls shown.in figure 10. For zero.coolant flow the turbine efficlency was
sbout 67 to 72 percent over the range of equivalent turbine speeds in-
vestigated. The data trends were simlilar to those obtained with turbine
A, although the magnitudes of the efficlency ratic changes were not as
&reat. During uncogled.operation the efficiency ratio decreased slight-
ly (1/2 to 1 percent) with decreasing equivalent turbine speed along the
lines of constant equivalent engine speed. o

During cooled operatiom a slight increase in ‘turbine-efficiency
ratio occurred as the coolant-flow ratioc was increased. The maximum
increase was about 2 percent for a coolant-flow ratio of 0.07, compared
with about 6 percent for a similar coolant-flow ratio with turbine A

(rig. 7(b)). '

A direct comparison of turbine efficlency ratios obtained by equa-
tion (4) for both cooled and uncooled operating data at the same equiva-
lent work and equilvalent turbine speed 18 shown in figure 11. At the
lowest value of equivalent work considered, 14 Btu per pound, and an
equivalent turbine speed of 2810 rpm (71l percent of design), the tur-
bine-efficiency ratio decreaged about 1/2 percent from the efficilency
at the zero-bleed - zero-coolant - flow condition. The turbine-effi-
ciency ratio at a coolant -~ to ges-flow ratia of 0.07 increased about

2 percent from the ssme point., This represents a total spread of 2%

bercent. Similar comparisons can be made at higher values of equiva-

%839
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Efficiency Comparisons

The cooled data obteined wlth each turbine were calculated to de-
termine efficiencies as defined by equations (1) to (4). The variation
of these efficiencies with equivalent turbine speed for a representa-
tive value€ of constant equivalent engine speed is shown in figure 12
for each turbine. Figure 13 shows a comparison of turbine-efficiency
ratios for cooled and uncooled operation of turbine A where the effi-
ciency is defined by both equations (3) and (4).

Comparison at representative equivalent engine speed. - Equations
(1) and {2} (broken lines on Tig. 12(a)) account for the extra energy
supplied to the Turbine system from the external air source and in-
corporate the internal pumping efficiency of the turbine rotor into an
over-all efficiency definition. Couparisons between equations (1) and
(3) and between equations (2) and (4) (fig. 12 (a)) show that this ex-
tra energy added to the system had little effect (a meximum of approxi-

mately l% points) on the turbine efficiency. The largest difference

(epproximat.ly 6% points) in efficiency occurs when equations (1) and

(2) or equations (3) and (4) are compared. This indicates that inclu-
sion of the cooling-air pumping work results in distinctly higher effi-
ciencies, regardless of whether or not the cooling sir is consldered as
a working fluid. The turbine efficiencies based on the assumption that
the turbine output is the net shaft power delivered to the compressor

(ege. (3) and (1)) show a maximum decrease of about l% and 2% points,
respectively, (N/4/6z = 5633, fig. 12(a)) from the turbine efficiency
at the zero-coolant-flow operating point (N/4/6z = 5768, fig. 12(a)}).

Turbine dats cobtained at zero coolant flow and zero bleed indicated
that spproximately 1 point of this reduction in efficiency was due to
changes in turbine operating conditions. The net efficiency decrease
due to the presence of cooling air (0.065 coolant-flow ratio} is there-

fore % to 1% points. Had the efficiency as calculated by equations (1)

and (3) exhibited the same I-percent decrease as the efficiency of the
uncooled turbine, the pumping work expended on the cooling air would
have been completely regained by the turbine. Since this condition was
closely approached, apparently a large part of the cooling-air pumping
work was regained. A net increase of about 3 to 4 points occurs at a
coolant-flow ratio of 0.065 when the rotor cooling-alr pumping work is
considered as part of the turbine output (egs. (2} and (4)) and the de-
crease in the uncooled turbine efficlency is comsidered.

The broken lines fall above the solid lines at the higher values

of equivelent turbine speed in figure 12. This occurs when the pumping
action of the turbine rotor develops e pressure rise. The ideal work.
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of the cooling sir then becomes negative and decreases the total avall-
able turbine ideal work. This decrease is the amount of work required
to isentropically increase the cooling-air total pressure from the
level st the rotor hub inlet to the total pressure of the cooling air
and gas mixture at the turbine exit.

The efficiency curves for turbine B (fig. 12(b)) exhibit the same
general behavior as the curves for turbine A, except that the trends
are less promounced. From figure 12 it is apparent that the efficiency
(as defined herein) of neither turbine was seriously affected by tip
discharge of cooling alr at coolant-to-gas-flow ratios below 0.03. At
the other equivalent engine speeds considered, the results were similar.

Comperison over range of equivalent engine speeds. - To lllustrate
efficliency comperisons over the entire speed range investigated, figure
13 presents turbine-efficiency ratios for cocled and uncooled operation
for turbine A where the efficiency is defined by both equations (3) and
(4). Figure 13(a) is the same as figure 8. It is repeated here for
convenlence in comparing with the curves for equation (3). In figure
lS(b) it was not necessary to extrapolate the lines of constant equiva-
lent turbine work for uncooled operation as was done in figure lS(a)

It has been pointed out (fig. 12(a)) that the exclusion of pumping work
mede the largest change in the values of turbine efficlency defined by
equations (1) to (4). The efficiency definition of equation (3) was
chosen for this comparison because 1t differs from the definition of
equation (4) only by the quantity of the pumping work.

As can be seen fram figure 13(b), the turbine-efficiency ratio for
cooled operation as defined by eguation (3) falls below the efficiency
ratio for uncooled operation. This is.in contrast to the trend of
turbine-efficiency ratio as defined by equation (4) (fig. 13(a)}). How-
ever, even with the definition of equation (3) (which considers net
shaft work as the total turbine work), turbine efficiency is not seri-
ocusly affected by the radial discharge of cooling air at the tips of
the turblne rotor blades. For example, at constant equivalent work and
constant equivalent turbine speed, & maximum decrease In efficiency
rgtio of sbout 1 percent from the uncooled operation occurred with a
coolant-flow ratio of 0.08.

Interpretation of Results
Possible mechanisms for explaining the behavior of efficiency with
changes in rotor cooling-air flow are presented hereiln, and these dats

are compared with the results of other investigations.

The cooling-air pumping work is actually work that must be ac-
camplished by the turbine. The turbine-efficiency definitions of
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equations (2) and (4) take this into account. As noted before for tur-
bine A, these efficlencies exhibit an increase as the cooling-air flow
is increased. The discharge of blade cocling air at the blade tips
with its resultant blockage and the effects of redistribution of
combustion-gas flow may be of such a nature as to cause an improvement
in the blade aerodynamic efficiency. However, large increases in effi-
clency would certainly not be expected if the rotor were well designed.
The efficiency changes occurring with turbire A suggest that some ad-
ditional effect may be present. '

The following mechanism might be comstructed. As the cooling air
enters the turbine rotor stage at the blade tips, its whirl velocity
is essentially the tip velocity of the turbine rotor. If the cooling
alr leaves the turbine stage without a change in this whirl velocity,
it will not do work on the blades. If, on the other hand, cooling air
is accelerated with the combustion-gas stream by virtue of its own
energy, so that it is discharged with the same exit whirl as the com-
bustion gas, the cooling air experiences a change in tangential momentum
of (w, /g)(U£ - Vy, 4). With this momentum change, the cooling air would

contribute an amount of work equivalent to (wU./eJd} (U - a, 4)e Ac-

tually, the acceleration of cooling air to combustion-gas velocity is
probably incomplete, and the exit direction of the combustion-gas stream
may be changed as a result of mixing. Some cooling air undoubtedly
moves radially inward from the blade tip before leaving the stage. Con-~
sequently, the term woUg(Uy - u,é)/gJ probably represeént about the

maximum work recovergble from the rotor blade cooling air. The increase
in turbine efficiency (eq. (4)) with the addition of cooling air appears
to indicate that at least a portion of this work is being realized.

The analysis of reference 6, which predicts an efficiency decrease
with the addition of rotor blade cooling, does not consider the intro-
duction of the coolant into the main gas stream. The reference assumes
that blade cooling increases the blade profile losses as a result of
the removal of heat from the rotor blade channel. Since the effect of
cooling is confined to the two-dimensional losses (profile losses) in
the rotor, the analysis cannot be expected to predict experimental
trends when the flow patitern 1s distorted by cooling air discharged at
the blade tips. Results of the present investigation interpreted on
the basis of reference 6 indicate that blade profile losses due to alr
cooling are small compared with the effects of flow redistribution and
cooling-air impulse.

CONCLUSIONS

An investigation was made at ses-level static conditions to deter-
mine the effect of radial discharge of cooling air from the rotor blade

L
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tips on turhine performance in two turbojet engines. The efficlency
(as defined herein) of neither turbine was geriously affected by tlp
discharge of cooling air at coolant- to gas-flow retios below 0.03.
The work required to pump the cooling air through the turbine rotors
appeared to have been partially regained.

Lewls Flight Propulsion Laborastory
National Advisory Committee for Aeronautics
Cleveland, Ohio, October 25, 1855
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